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Size and support effects in the oxidative decomposition of methanol on amorphous alumina supported
subnanometer palladium clusters were studied under realistic reaction conditions of pressure and temperature.
The smaller Pd8-12 clusters were found to promote the decomposition channel to CO and hydrogen, however
with mediocre activity due to poisoning. The larger Pd15-18 clusters preferentially produce dimethyl ether
and formaldehyde, without signs of posioning. A thin titania overcoat applied on the Pd15-18 improves the
sintering-resistance of the catalyst. Accompanying density functional calculations confirm the posioning of
small Pd clusters by CO.

Introduction

Methanol plays an important role as an intermediate product
in the chemical industry and also as an attractive, clean, and
reliable future energy carrier. Palladium-based catalysts have
been found to be very effective for the decomposition of
methanol.1-14 Decomposition, reforming, and partial oxidation
of methanol, as well as their combination with water-gas shift
(i.e., oxidative reforming) is attracting increasing attention
because of the possibility of using methanol as a source of
hydrogen for fuel cells.15

Methanol can be decomposed via various reaction pathways,
involving the scission of the C-H, O-H, and C-O bonds. The
latter channel may also lead to carbon deposits on the catalyst
surface. Under UHV conditions, C-O bond scission does not
occur on Pd (111) terraces, while under high-pressure conditions
the C-O bond scission becomes favorable especially on specific
active sites, leading to the formation of carbonaceous species
that cause catalyst deactivation. Oxygen was found to enhance
catalytic activity by more effective removal of the carbon
deposits in the form of carbon oxides.14

While Pd surfaces and nanoparticles have been extensively
studied for this reaction,2,12,14,16 no studies of methanol activation
have been reported for subnanometer Pd clusters. The studies
of such well-defined ultrasmall clusters have been hampered
by the lack of synthesis and in situ characterization methods.

Recent breakthroughs in this area have shown that size-
preselected subnanometer clusters can be fabricated and
stabilized17-19 and their catalytic properties studied over a broad
pressure range.18-22

In this work, we fabricated a set of palladium catalysts by
the deposition of size-selected subnanometer palladium clusters
of two narrow size distributions, Pd8-12 and Pd15-18, on
amorphous alumina supports. One cluster sample was post-
treated by overcoating with titania with the twin goals to
suppress sintering of clusters at elevated reaction temperatures
and to alter the composition of the support. A combination of
temperature programmed reaction (TPRx) with in situ grazing
incidence small-angle X-ray scattering (GISAXS) was used to
monitor catalytic activity of the supported clusters and for the
simultaneous monitoring of particle size under reaction
conditions.19,23 Density functional calculations were used to
investigate possible CO poisoning on the smaller clusters. The
objective of the research is to improve, by using model catalytic
structures, the fundamental understanding of size/composition/
structure/function relationships in the activation of methanol.

Experimental Section

Support Material. As catalyst support material, we used a
3 ML thin amorphous alumina film prepared by atomic layer
deposition (ALD) on the top of a naturally oxidized silicon wafer
(SiO2/Si(100)). The silicon substrates were coated with Al2O3

using atomic layer deposition24 in a custom viscous flow ALD
reactor.25 After equilibrating the reactor at 200 °C, 1 Torr
pressure, and 360 sccm flow of ultrahigh purity (UHP, 99.999%)
nitrogen for 10 min, the substrates were cleaned in situ, using
a 400 sccm flow of 10% ozone in UHP oxygen for 1 min. The
Al2O3 ALD was performed by using 6 ALD cycles consisting
of a 2 s exposure to trimethylaluminum, a 5 s purge, a 2 s
exposure to H2O vapor, and a final 5 s purge.26 Ellipsometric
measurements of the samples yielded an Al2O3 thickness of 0.75
nm. After the deposition of clusters (see below), one sample
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was post-treated with a ∼1 ML ALD-titania overcoat with the
goal to alter surface chemistry and to suppress sintering of
clusters during the course of the reaction. This process consisted
of 6 cycles of TiO2 ALD27 of alternating exposures to titanium
tetrachloride (TiCl4) and H2O, using 0.5 s reactant exposures
and purge times of 60 s following the TiCl4 and 120 s following
the H2O at a deposition temperature of 50 °C. The amorphous
alumina support and the titania-overcoated alumina support
turned out to be inactive in the oxidative decomposition of
methanol, in contrast to γ-alumina.28

Size-Selected Cluster Deposition. The size-selected pal-
ladium cluster-based catalysts were prepared by depositing a
narrow size-distribution of palladium clusters generated in a laser
vaporization cluster source. The size-selected cluster deposition
method was described in detail elsewhere.29-32 In brief, a
molecular beam of palladium clusters was prepared by laser
vaporization of a palladium target with helium as carrier gas.
Then, the beam was guided through an ion optics and quadru-
pole assembly, and the mass-selected, positively charged clusters
soft-landed on the support. The amount of deposited palladium
metal was determined by real-time monitoring of the deposition
flux. The surface coverage was 0.1 and 0.03 atomic ML
equivalent of Pd metal for the Pd8-12 and Pd15-18 samples,
respectively, based on 1.53 × 1015 atoms/cm2 of a Pd(111)
plane. X-ray absorption (XANES) and X-ray photoelectron
spectra (XPS) show that the clusters oxidized upon exposure
to air. Before the reaction with methanol no treatment, such as
reduction, was performed with the samples.

Combined TPRx and in Situ GISAXS Characterization
of Clusters. GISAXS was used to monitor possible changes in
cluster size during the reaction, simultaneously with monitoring
catalyst activity by temperature-programmed reaction (TPRx).
The GISAXS technique has proven to be very powerful for
studying subnanometer- and nanometer-sized particles at sur-
faces and their transformations under vacuum conditions as well
as in a reactive gas environment.23,29-34 GISAXS is sensitive
to the particles in the surface region, and in addition to the
particle size. Therefore it can provide particle size distribution,
distance between particles, and average aspect ratio of metal
particles under reaction conditions. The GISAXS/TPRx experi-
ments were performed by using X-rays of 12 keV energy in an
in-house-built reaction cell of unique design at the 12-ID-C
beamline of the Advanced Photon Source. The internal volume
of the cell is approximately 25 mL, with the sample mounted
on a ceramic heater in the center of the cell. The cell was sealed
with mica windows and mounted on a computer-controlled
goniometer and equipped with gas feedthroughs mounted in the
side walls of the cell. The reactant gas mixture was premixed
in a remotely controlled gas-mixing unit with calibrated mass
flow controllers (Brooks model SLA5850). The reaction tem-
perature was controlled with a ceramic heater, and the sample
temperature was measured with a K-type thermocouple attached
to the edge of the heater surface. To achieve thermal equilibrium
between the heater and sample during the application of a
temperature ramp, a low heating rate (<1.5 deg/min) was
applied. The products were analyzed by using a differentially
pumped mass spectrometer (Pfeiffer Prisma Plus).23 The reaction
cell was operated in a continuous gas flow mode at 800 Torr
pressure and 30 mL min-1 of total gas flow. Equal concentra-
tions of methanol and oxygen in the feed were 0.33%; the
concentration of water vapor was 50 ppm with the balance
helium. The catalytic reactions were carried out at temperatures
ranging from 25 to 250 °C. As illustrated in Figure 1, the X-ray
beam was scattered off the surface of the sample at near the

critical angle (Rc ) 0.15°) of the substrate. A 1024 × 1024
pixel two-dimensional detector was used for recording the
GISAXS images from the sample. GISAXS data were collected
as a function of reaction temperature and time.

Theoretical Methods

In a recent study, we have carried out a comprehensive
density functional theory investigation of the pathways for
methanol decomposition on a Pd4 gas-phase cluster with more
limited calculations done for a Pd8 gas-phase cluster.35 In the
work reported here we have included the effects of the alumina
support in the calculations on the Pd4 and Pd8 cluster as modeled
by a θ-Al2O3 surface. We have also considered the effect of
CO loading on the reaction mechanism as CO poisoning may
play an important role in the experimental results reported in
this paper. The calculations performed in this study are based
on density functional theory (DFT) with a plane-wave basis set,
using the Vienna ab initio simulation package (VASP).36,37

Ultrasoft pseudopotentials with a plane-wave energy cutoff of
400 eV were used with the generalized gradient correction of
Perdew and Wang (GGA-PW91).38 The geometries of the
systems were determined by static relaxation, using a conjugate
gradient minimization and the exact Hellmann-Feynman forces.
The structures of gas-phase Pd4 and Pd8 clusters were fully
optimized in 15 and 17 Å3 supercell, respectively. These clusters
were supported on a θ-Al2O3 surface, which was modeled in a
slab geometry with a (2 × 2) lateral periodicity. Six repeated
Al2O3 layers were used to describe the surface, of which the
three top layers were allowed to relax. The slabs were separated
by a vacuum distance of 16 Å. A single k-point was used for
the gas-phase cluster calculations, whereas the k-point sampling
was performed with (3,3,1) Monkhorst-Pack grids39 for surface
calculations. The gas-phase Pd clusters and some of the gas-
phase species have a magnetic moment, therefore spin-polariza-
tion was considered in all calculations.

Results and Discussion

Pd8-12/Al2O3. The conversion of methanol in the presence
of oxygen and water vapor, studied over the Pd8-12/Al2O3

sample, is shown in Figure 2. There are two distinct temperature
regions with characteristic features seen in the plot: (1) a lower
temperature region with onset of product formation around 130
°C and (2) a region above 200 °C with steep increase in
reactivity. In the lower temperature range the major products
identified were CO, H2O, and H2, with the addition of CO2 and
CH2O (formaldehyde) at temperatures above 200 °C. In addition,
a small amount of H3C-O-CH3 (dimethyl ether, DME) was
detected above 200 °C (see the insert in Figure 2). The most
commonly reported methanol oxidative decomposition products

Figure 1. Schematic of GISAXS experiment: incident angle Ri )
0.15°, and scattered beam angle Rf. The two-dimensional scattering
image provides information about the average height and width of a
large ensemble of supported particles.
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are CO2, CO, and H2O. The hydrogen signal exhibits a slow
rise in the temperature region between ∼100 and 200 °C. H2

observed in the lower temperature region most likely indicates
the recombination of dissociatively adsorbed hydrogen formed
via methanol adsorption and subsequent decomposition.9,12,14,35

CO formation is observed at 130 °C, followed by a slow
decrease in its production with increasing temperature and
extinguishes completely at 200 °C. The CO formation at lower
temperatures provides evidence for the decomposition mecha-
nism. Additional evidence for direct decomposition is provided
by the increased production of H2 and CO at higher tempera-
tures. In addition, other methanol activation channels may
contribute to hydrogen production as well, such as partial
oxidation pathways yielding CO2, H2O, and formaldehyde in
addition to hydrogen,40 the latter which can be oxidized to
produce CO2 and H2 as final products.12,14,15 In passing we note
that the production of some H2O in the low-temperature region,
with an onset around 130 °C, does not necessarily contradict
the proposed decomposition mechanism, since H2O is expected
to be produced during the reduction of the oxidized Pd clusters
and/or reaction of hydrogen with oxygen adsorbed on the surface
of the Pd particles.

In situ GISAXS was applied to monitor possible changes in
cluster size via sintering during the reaction. Since scattering
intensity in the Guinier region (q × Rg < 1)34 is strongly size
dependent (increases nonlinearly with the number of electrons
in the particle, while the scattering intensity from particles of
the same size, thus same number of electrons, scales with the
number of particles), integrated scattering intensities in the small
angle regions provide a very sensitive probe of the smallest
changes in particle size without the need for demanding data
analysis and modeling. Figure 3 shows the integrated GISAXS
scattering intensity with a sharp increase at 135 °C, indicative
of the onset of sintering. As determined by Guinier analysis41

of the GISAXS patterns the sintering leads to the formation of
∼10 nm aggregates at temperatures around 190 °C, without
further aggregation with increasing temperature. It is noteworthy

that the yield of all products exhibits a sharp increase at around
210 °C, a temperature that coincides with the well-known CO
desorption temperature from metallic palladium particles and
single crystal surfaces.42,43 Thus, in the lower temperature region
of our experiment the catalyst is very likely to be poisoned via
CO adsorption blocking the adsorption sites.

Recently published UHV TPR CO oxidation experiments on
size-selected Pd clusters of comparable sizes showed CO ligands
departing from the clusters at temperatures around 180 °C,44 in
accord with the likelihood of CO poisoning based on our
experimental observations and computational results.

The results from our density functional calculations for
methanol decomposition on a Pd4 cluster via C-H bond
breaking as the first step are summarized in Figure 4. The figure
shows our previously35 calculated reaction pathway for a gas-
phase cluster based on C-H bond breaking as the first step.
The structure of methanol adsorbed on a Pd4 cluster on Al2O3

Figure 2. TPRx results of oxidative methanol decomposition on
the 0.1 ML Pd8-12/Al2O3 sample, with a reactant mixture of 0.33%
CH3OH, 0.33% O2, and 50 ppm H2O vapor in He. The main reaction
products identified were dimethyl ether (monitored at m/z 45),
formaldehyde (m/z 30), CO (m/z 28), CO2 (m/z 44), H2O (m/z 18),
and H2 (m/z 2). The signals plotted are background corrected, using
a support of the same size and composition without catalytic
particles, and tested under identical conditions as the catalyst-
containing sample. For better viewing, offset was applied on the
curves. For comparison of activities plotted in Figures 2 and 7, the
scale for mass intensity shown is for m/z 30 (formaldehyde) relative
to the mass intensity m/z 30 in Figure 7.

Figure 3. Integrated scattering intensities obtained from GISAXS
images acquired during the reaction as a function of temperature. The
data reveal the onset of sintering of the Pd8-12 clusters at temperatures
around 135 °C (dashed lines).

Figure 4. (a) Methanol decomposition pathway on Pd4 leading to
a strongly bound CO: free energy (calculated at 175 °C, 760 Torr)
diagram for the lowest energy pathway for methanol decomposition
on gas-phase Pd4 cluster. Dotted lines are for selected steps
calculated on the supported Pd4 cluster. (b) Methanol adsorbed on
the Pd4 cluster on Al2O3 surface. (c) Four CO molecules adsorbed
on a Pd8 cluster on Al2O3 surface.
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is shown in Figure 4b. Selected points for a Pd8 gas-phase cluster
gave similar results including the first step involving C-H bond
breaking and the whole surface for C-O bond breaking.35

Selected points along the Pd4 cluster pathway were chosen for
further study in this investigation with the alumina support
included in the calculations. The results are included in Figure
4. The combination of the gas-phase and support results clearly
show that the adsorption of CO results in a deep well that can
poison the methanol decomposition reaction as is postulated to
occur in the experiment.

To investigate the effect of multiple CO adsorptions on the
Pd4 and Pd8 clusters, DFT calculations were performed for up
to four COs on free and supported Pd clusters. Table 1
summarizes the average adsorbate binding energies as a function
of the number of adsorbed CO molecules.

The structure of four adsorbed COs on a Pd8 cluster is shown
in Figure 4c. The results show that, at high CO coverage, the
average binding energy decreased by 0.46 eV compared to that
of the single CO adsorption. Thus, the binding energy for
multiple CO adsorptions is still likely enough to poison the
methanol decomposition reaction.

To obtain information about the possible poisoning of the
catalyst, under assumption that competitive adsorption of
hydrogen with CO may promote the desorption of reaction
products, the experiment depicted in Figure 2 was continued at
250 °C and the feed of the reactants was stopped with a
substitution by 1% hydrogen in helium. A very strong effect of
hydrogen was observed: Immediately after the injection of
hydrogen the partial pressure of the products increased by almost
an order of magnitude (see Figure 5). The strong boost of
products was observed only in a relatively short time window
(∼5 min) due to the halted flow of reactants leading to the fast
depletion of reactants and products in the cell.

In general, the significant increase in product signals on the
10 nm sized aggregates might be attributed to several pathways.
One possibility is that hydrogen removes adsorbed oxygen and/
or reduces palladium and boosts product formation by creating
many more sites for methanol decomposition, the second is the
reaction of hydrogen with CHx species adsorbed on the catalyst,
and the third is a competitive adsorption of hydrogen with CO,
leading to the unblocking of active sites. In the case of the
decomposition channel, the mechanism involves the initial
depletion of oxygen from the surface PdO by reaction with the
introduced hydrogen, leading to the creation of a metallic Pd
surface on the 10 nm size particles. Metallic Pd has been shown
to be significantly more active than PdO for methanol
decomposition.7,12 The second possible explanation of the effect
of added hydrogen is that adsorbed hydrogen on the 10 nm
particles can react with adsorbed CHx species which are known
to poison the methanol decomposition on Pd-based catalysts as

well.12 Adsorbed CHx species are produced by breaking the
C-O bond of methanol and are very stable up to about 187
°C, which results in inhibiting the reaction.12 However, methane,
which would be a product of this reaction path, was not detected
under our reaction conditions. The third possible mechanism
for the effect of hydrogen is promoting desorption of CO from
the surface of the catalyst by competitive adsorption. Since the
reaction temperature is 40 °C above the known desorption
temperature of CO from palladium surfaces, it is reasonable to
believe that the promotion effect of hydrogen via competitive
adsorption does not play a decisive role.

Therefore, the apparent almost complete lack of activity of
the Pd8-12/Al2O3 sample in the lower temperature region is likely
caused by CO poisoning. On the basis of in situ GISAXS, the
observed reactivity data above 190 °C are attributed to 10 nm
sized aggregates that are formed at elevated temperatures from
the deposited size-preselected Pd8-12 clusters. The most plausible
effect of hydrogen in boosting the reaction at 250 °C is via the
removal of adsorbed oxygen from the nanoparticles and
reduction of the oxidized palladium nanoparticles.

Pd15-18/Al2O3 and Titania Overcoated Pd15-18/Al2O3 (TiO2/
Pd15-18/Al2O3). To investigate the effect of size and support in
the activation of methanol, Pd15-18 clusters were deposited on
an alumina support, and one of the cluster samples was post-
treated by depositing ca. 1 ML of titania over the catalyst sample
(Figure 6). Titania overcoating of Pd/Al2O3 catalysts was
reported to achieve a higher dispersion of palladium.45 In
addition, titania can promote the reduction of PdO to metallic
palladium,45,46 further enhancing the efficacy of the decomposi-
tion channel. The titania overcoat may also improve the sintering
resistance of the subnanometer clusters by forming a barrier
around the clusters, as successfully demonstrated in the case of
alumina-stabilized subnanometer gold clusters in the epoxidation
of propylene.17,19

In comparison with the Pd8-12/Al2O3 sample, the amount of
deposited palladium metal in these samples was smaller by a
factor of 3 in order to reduce aggregation by limiting particle
diffusion. A significant enhancement in sintering resistance of
the Pd15-18 clusters was observed by GISAXS (Figure 6c). The
onset of sintering by Pd15-18 clusters supported on alumina was
around 170 °C; an improvement in sintering resistance by 40
°C in comparison with the Pd8-12 clusters (cf. Figure 3). After
reaching 200 °C, sintering led to the formation of aggregates

TABLE 1: CO and H Binding Energies on Gas-Phase and
Supported Pd4 and Pd8 Clusters

cluster binding energy (eV) siteb

CO + Pd4 f (CO)Pd4 -2.54 H
3CO + Pd4 f (CO)3Pd4 -2.00a HBB
CO + Pd8 f (CO)Pd8 -2.36 H
CO + Pd4/Al2O3 f (CO) Pd4/Al2O3 -2.31 H
4 CO + Pd4/Al2O3 f (CO)4Pd4/Al2O3 -1.77a HHHT
CO + Pd8/Al2O3 f (CO) Pd8/Al2O3 -2.33 H
3 CO + Pd8/Al2O3 f (CO)3Pd8/Al2O3 -2.03a HHH
4 CO + Pd8/Al2O3 f (CO)4Pd8/Al2O3 -1.87a HHHH

a Average value per CO molecule. b H ) 3-fold hollow; B )
bridge, T ) top.

Figure 5. The effect of added hydrogen on the products from the
sintered palladium catalyst of 10 nm average size at 250 °C. An offset
was applied on the curves for clarity. The arrow indicates the time
when the flow of reactant gases was halted and replaced by hydrogen
seeded in He.
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of about 2 nm final sizes. The titania overcoated sample, TiO2/
Pd15-18/Al2O3, exhibited a further enhanced stability during the
reaction, with no indication of particle growth up to about 200
°C. The slight increase in scattering intensity observed at 210
°C (Figure 6c) could be an indication of aggregate formation
to a degree that is much smaller than observed for Pd8-10 (cf.
Figure 3); however, this interpretation is by no means certain.
Alternatively, reduced titania can migrate over the top of the
Pd particles, due to strong metal-support interactions,47 or form
an interfacial alloy with palladium, which has been observed
at temperatures as low as 25 °C.48 The formation of such two-
component particles can be reflected in GISAXS as a larger
size particle. Moreover, titania islands may grow during the
reaction and the scattering from these islands can interfere with
the scattering from the metallic particles. Based solely on the
available GISAXS data, it is not possible to unambiguously
determine the type of species/aggregates that grow at temper-
atures above 210 °C on the titania overcoated Pd15-18 sample.
These nanostructures can be alloy and titania island scatterers
formed in the course of the reaction as well as growing Pd
particles.

The aggregation of Pd nanoparticles has been previously
studied under ultrahigh vacuum conditions.42,49 The mechanism
of sintering has been explained by two different pathways,
coalescence and Ostwald ripening. The relatively low temper-

ature for the onset of agglomeration of the smaller Pd clusters,
in our previous studies of sintering by subnanometer clusters,50

as well as the generally higher mobility of smaller particles along
with the high binding energies in atomic clusters suggest that
particle coalescence is the dominant mechanism.

Figure 7 shows the activity of the Pd15-18 clusters at
temperatures lower than at which the sintering of clusters takes
place with formation of dimethyl ether and formaldehyde. No
detectable formation of CO, CO2, and H2O was observed below
the sintering temperature of the clusters. In passing, we note
the low light-off temperature on the aggregating clusters
compared to conventional catalysts.7 It is important to note that
Pd8-12 clusters were not active in the lower temperature region
under identical reaction conditions. Our results indicate that
Pd15-18 clusters are more resistant to poisoning than their smaller
cousins. The activity and selectivity toward dimethyl ether
formation at lower temperatures can be ascribed to the dehydra-
tion of methanol 2CH3OHf CH3OCH3 + H2O as reported for
alumina supported palladium catalysts.51

It is important to note that some forms of titania are active
in the methanol decomposition reaction.52,53 To investigate the
potential catalytic activity of the monolayer titania film, we
performed a control experiment in the absence of Pd using a
titania overcoated alumina support of the same size and identical
ALD-titania treatment as used for the overcoated Pd cluster

Figure 6. Cartoon of the Pd15-18/Al2O3 (a) and titania overcoated cluster sample TiO2/Pd15-18/Al2O3 (b). Integrated GISAXS scattering intensities
as a function of temperature for Pd15-18 clusters without (circles) and with (triangles) titania protective overcoat (c), with an offset applied to the
curves. The larger deviation of the data points obtained for the titania-ovecoated sample has its origin in the background scattering of the titania
film.

Figure 7. Evolution of the TPRx signals of CH2O (a) and DME (b) formed on Pd15-18/Al2O3 (circles) and TiO2/Pd15-18/Al2O3 (triangles). The
activity of the Pd8-12/Al2O3 sample (squares) is shown for comparison. The background-corrected product signals are depicted with the identical
scale and normalized to the number of atoms of the clusters to allow a per atom based comparison of activity for a given reaction product. An offset
to the curves was applied for better viewing. The sintering temperatures are indicated with dashed vertical lines. The scale for the mass intensity
was chosen based on m/z of the Pd8-12/Al2O3 sample.
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sample, and under identical reaction conditions. The catalytic
activity of the titania-coated alumina was negligible, thus we
can conclude that the primary role of the titania film is the
stabilization of the clusters against sintering. Since there was
no loss observed in the catalytic activity of the TiO2/Pd15-18/
Al2O3 sample in comparison with the Pd15-18/Al2O3 sample, it
can be concluded that the active sites of the catalysts are not
blocked (i.e., overcoated) by the titania film. The similarity in
activity and selectivity for these catalysts implies that strong
metal-support interactions are not operative. Indeed, this is
expected for catalysts that have not been heated to the
temperatures required for titania migration over the metal
particles, i.e. 200-400 °C.46 Moreover, the reactions were
performed under oxidative conditions which might prevent the
formation of the Ti3+ oxidation state that is responsible for the
SMSI effect especially under UHV and reduction conditions.

Comparison of the Tested Catalysts: Size and Support
Effects. Pd8-12 clusters produced primarily CO and H2, while
Pd15-18 clusters produced CH2O and DME. The alumina-
supported Pd8-12 clusters showed the lowest activity among the
tested catalysts due to poisoning. The very small amount of
hydrogen and CO produced and the complete lack of dimethyl
ether and formaldehyde formation in the lower temperature
region (Figure 2) suggests that, at very low activity, Pd8-12

clusters catalyze the decomposition channel. The almost com-
plete lack of dimethyl ether formation indicates that the small
clusters do not act as electron acceptors on the metallic part of
the catalysts, thus they do not provide the Lewis acidic sites
needed for the dehydration of alcohols.54,55

The behavior of Pd15-18 clusters is diametrically different from
that of their smaller counterparts; they are considerably more
reactive, producing CH2O or DME, with high selectivity in the
lower or higher temperature range, respectively (see Figure 7).
At temperatures above 80 °C on alumina-supported Pd15-18

clusters the formation of DME dominates, indicative of a Lewis
acid character for these particles. The titania overcoat affects
selectivity in the lower temperature region, where the formation
of CH2O prevails (see Figure 7a). Very importantly, Pd15-18

clusters proved to resist poisoning.7 Moreover, the size-
dependence of the oxidation behavior and the form of oxygen
on palladium may play a critical role.12

Conclusion

In summary, we have observed pronounced size and support
effects in the oxidative decomposition of methanol on subna-
nometer palladium clusters. While Pd8-12 clusters are susceptible
to poisoning and decompose methanol with mediocre activity,
Pd15-18 clusters sustain activity in the decomposition of methanol
to preferentially produce dimethyl ether. The thin titania
overcoat improved the sintering-resistance of the clusters,
without the catalysts suffering any loss in its activity, a central
point for the production of new catalytic materials for applica-
tions. Though scaling up the production of ultrasmall clusters
is a challenging task, there are several promising examples in
the literature that indicate feasibility.56,57
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